Abstract A 3D electroplating process by means of pixelwise, step height control of selective electroplating has been successfully demonstrated. A total of eight rectangular pixels of 80 · 20 lm 2 in area and 1.1-9.3 lm in height have been fabricated with a height difference of 1 lm in adjacent pixels. The process requires only two masks in a single electroplating process. Nickel electroplating is selected as the demonstrating material and is performed at 50°C with current density of 400 A/m 2 for 30 min. A theoretical model in electroplating process is discussed to assist the design of 3D microstructures and verified with the experimental data. As such, this process has potential applications in making pixel-wise, 3D microstructures with precise height control.
Introduction
High-aspect-ratio microstructures fabricated by electroplating process, such as LIGA [1] , has been generally considered as 2.5-D devices. One limiting factor is that the deposition thickness from electroplating is the same for the height of microstructures and thus constraining the 3D manufacturing capability. Although EFAB (Electrochemical Fabrication) [2] , Stereolithography [3] and laser Stereolithography processes [4] have been proposed to fabricate 3D microstructures, they require repetitive alignment and deposition procedures in a layer-by-layer manufacturing scheme. This work presents a novel and yet simple approach to control the step-height for 3D microstructures in a single electroplating process. A theoretical model is developed in order to characterize the process and help design of 3D microstructures.
2 Working principle Figure 1 shows the schematic of the new approach where only eight pixels are constructed in this demonstration experiment. First, 500/2000 Å thick of Cr/Au pixels with 80 lm in length and 20 lm in width are evaporated and patterned by the lift-off process on a silicon substrate that has a layer of 0.8 lm silicon dioxide on top. Afterwards, a 9 lm thick photoresist is coated and patterned to open the designated areas for electroplating. Nickel electroplating is performed at 50°C with current density of 400 A/m 2 for 30 min. At completion, the deposition thickness on the eight pixels varies as controlled by the step-height control electrodes. Figure 2 shows the control mechanism. The common electrode is connected to an external current supply. The gaps between the common electrode and the designated electroplating pixels increases from 0 (No. 0 pixel) to 7 lm (No. 7 pixel) with an increment amount of 1 lm between adjacent pixels. These gaps serve as controllers to initiate the deposition process on the target pixels. When the lateral deposition on the common electrode fills the control gap, the target electrode becomes active. A 1 cm 2 open metal area is designed to be exposed to the electrolyte in addition to the microstructure deposition area as a current reservoir to prevent the fluctuation of the current density. Figure 3 shows step-height control electrodes and the common electrode with patterned photoresist. It can be clearly observed that the first and second step-height control electrodes are connected to the common electrode due to the defective lift-off process.
Discussions
The growth of each individual pixel is activated by the lateral growth of electroplated nickel and the deposition rate is affected by various parameters including mass transport, electron transfer, electrical potential, chemical potential, and crystal growth. In the nickel deposition process, a nickel ion must reach the electrode/solution interface, obtain electrons and be reduced to a nickel atom. The crystal nickel structure [5] is formed when multiple nickel atoms are piled up. Various effects are discussed for better understanding of the height control process as proposed in this work.
Electron Transfer
At the electrode/solution interface, chemical and electrical potential reaches equilibrium and forms a 1-30 nm thick charged region known as the double layer [6, 7] . An activation energy is required for an ion or molecule to travel through the double layer for electron transfer and an equal energy is required for an atom or a molecule leaving the surface. If the electrical potential is changed, a new equilibrium state is expected. In most electroplating processes, the electron transfer is easily accomplished as compared with the mass transport such that mass transfer dominates the deposition rate of the electroplating process.
Mass transport
The primary mechanisms for mass transport of metal ions from anode to cathode for deposition are ion migration, convection and diffusion processes driven by electrical potential, pressure, and concentration gradient, respectively.
Electric field induced ion migration
Charged spices in electrolyte can be driven by the electrical potential. The current density resulted from the migration of charged species is proportional to the electric field and conductivity of the electrolyte as described by Ohm's law [6] . In a conventional electroforming process like the one presented here, the electric field is weak because the cathode and anode are placed far away in a beaker. Therefore, ion migration due to electric field only plays a secondary role in the mass transport process and is ignored in this paper.
Ion transport due to the convection
The consumption of nickel ions around the electrode surface creates the natural convection as the result of density gradient. Agitation is often used to enhance the convection process. In this paper, a 2.54-cm long magnetic stirring bar rotating at 250 rpm is used in a beaker of 12.7 cm in diameter. The stirring bar creates an electrolyte flow with an estimated speed of 0.15 m/s and the boundary layer, d, on the surface of 1 · 1 cm die is estimated by Blasius equation [8] .
where
The boundary layer is calculated as 900 lm as shown in Fig. 4 by applying the characteristic length as L ¼ 0.01 m, and m » 5.5 · 10 )7 m 2 /s, the kinetic viscosity of water as the electrolyte kinetic viscosity.
Ion transport due to diffusion
There are two mechanisms, current limit deposition and diffusion limit deposition, determining the pixel height deposition rate. The current limit deposition is valid if the current density is smaller than the diffusion current density and the deposition rate is proportional to the input current density. When the input current is increased and saturated at the diffusion limit current, the deposition rate is decided by the nickel ion diffusion flux. Forced convection (to reduce the thickness of boundary layer) and rising the processing temperature (to increase the mobility of nickel ions) are possible methods to increase the ion transport process.
Diffusion happens in the boundary layer. With the existence of forced convection, the diffusion current density, j diff , is proposed as [9] :
where D 0 is the diffusion coefficient of nickel ion. The bulk concentration of electrolyte is represented as C 0 and is approximated as 0.8 · 10 3 mol/m 3 [10] . F is Faraday (9.6485 · 10 4 C/mol). The number of electron reduced or oxidized per molecule is represented as n and is 2 (Ni 2+ ) in this case. The diffusion current density is measured at 400 A/m 2 by monitoring the current changes in the electroplating process. Therefore, the diffusion coefficient of Fig. 1 . The schematic drawing of 3D microstructures fabricated by the step-height control method Fig. 2 . The illustration of the control mechanism for the 3D Electroplating process nickel ion in this work is found to be 2.33 · 10 )9 m 2 /s by Eq. (3).
Current limit deposition (j in <j diff )
If the input current supply is less than the diffusion current density, the electroplating deposition rate is dominated by the input current density. The deposition rate, T, is presented as
where k d is the deposition coefficient. The height of the nth pixel, h n , at time t is a function of the deposition rate and the gap width, g n , between common electrode and nth control electrode. The deposition time of pixel n starts at t)g n /T, and the height of the nth pixel can be represented as:
Diffusion limit deposition (j in =j diff ) When the input current supply reaches the diffusion current density, the deposition rate is determined by the diffusion of nickel ions in the diffusion limit deposition as:
Experimental results show that a deposition rate of 0.27 lm/min is measured and k d is found to be 1.14 · 10 )11 m 3 /C. The height of the nth pixel, h n , at time t can be described as:
Experimental results and discussions Figure 5 is the SEM microphoto of the fabricated microstructures showing nickel deposition with 1 lm increment between adjacent pixels. The highest pixel is about 9.3 lm and the lowest one is 1.1 lm as measured by a stylus profiler. The deposition rate is about 0.27 lm/min under an electroplating current density of 400 A/m 2 . Figure 6 shows the close view SEM microphoto at the intersection area of the step-height control electrode and the common electrode. The deposition in the lateral direction can be clearly observed having equal deposition, about 4 lm, along both vertical and horizontal orientations on pixel number 4. Figure 7 shows the comparison of the measured height and the developed electroplating model after 30 min of 2 is designed to serve as a current reservoir to average out the current density fluctuation. As shown in Fig. 8 , the current reservoir is designed on a separated chip such that there is no waste area on the 3D electroplating substrate. In the present work, this current reservoir is about 5000 time s larger than the total pixel areas such that current density fluctuation resulted by adding one pixel is only 0.002%.
In the diffusion limit deposition, the electroplating deposition rate is controlled by the nickel ion diffusion flux such that the deposition rate is inversely proportional to the distance to the diffusion boundary. In this paper, the boundary is about 100 times thicker than the deposition thickness such that the linear model is sufficient. For those applications with thinner boundary or thick deposition thickness, the deposition rates of individual pixels and the lateral deposition rate in the control gaps may vary due to their different distances to the diffusion boundary.
Conclusions
Pixels from 9.3 to 1.1 lm in height are fabricated with only two masks and one single 30 min electroplating process with current density of 400 A/m 2 . Current limit and diffusion limit control models are discussed for design and prediction of the electroplating process. In this work, it is found that the diffusion constant of nickel ion is 2.33 · 10 )9 m 2 /s and the deposition coefficient is 1.14 · 10 )11 m 
